Abstract. Wildfire is a major disturbance in boreal terrestrial ecosystems. Characterizing fire regimes and projecting fire recurrence intervals for different biomes are important in managing those ecosystems and quantifying carbon dynamics of those ecosystems. This study used Canadian wildfire datasets, 1980-1999, to characterize relationships between number of fires and burned area for 13 ecozones and to calculate wildfire recurrence intervals in each ecozone. For the study period, wildfires were found to follow power-law relationships between frequency densities (number of fires normalized to unit bins) and burned areas in all ecozones. Power-law frequency-area relationships also held for both anthropogenic fires and natural fires in the 1980s and 1990s. For each Canadian ecozone using the parameters of the power-law frequency-area distributions, fire recurrence intervals were then calculated for wildfires equal to or larger than a given size of burned area. Fire recurrence intervals ranged from 1 to 32 years for burned areas >2 km 2 , and from 1 to 100 years for burned areas >10 km 2 in every 10 000-km 2 spatial area for each ecozone. The information obtained through characterizing the wildfires and the fire recurrence intervals calculated in this study will provide guidance to wildfire risk managers throughout Canada. The findings of this study will also be a benefit to future efforts in quantifying carbon dynamics in Canadian boreal terrestrial ecosystems.
Introduction
Wildfires play a significant role in ecosystem carbon cycling over the boreal region (e.g. Flannigan et al. 1998; Amiro et al. 2000; Wooster et al. 2003; Randerson et al. 2006; Zhuang et al. 2006; Balshi et al. 2007) . Fire activities also affect ecosystem structure and permafrost degradation, further affecting carbon cycling in this region (Zhuang et al. 2002; Harden et al. 2006) . To adequately quantify the effects of future fire disturbance on carbon cycling, a characterization of fire recurrence intervals and burned areas is needed. In addition, more information on the relationships between number of fires and burned area will also help fire management in this region. To date, projecting these fire characteristics in the region is still a challenge, although the relationships between fires and their environmental and climatic factors have been extensively explored (e.g. Stocks et al. 1989 Stocks et al. , 2002 Oldford et al. 2006; Maingi and Henry 2007; Xiao and Zhuang 2007; Martell and Sun 2008) . Some studies focus on analyzing the number of fires and burned area based on existing fire data (e.g. Kasischke and Turetsky 2006) , whereas other studies focus on analyzing the effects of individual factors such as human activity (e.g. Mollicone et al. 2006; Calef et al. 2008) . observed burned areas, more work is needed to examine the large-scale statistical relationships between number of fires and burned area as has been done in many studies for other regions. Some studies have tried to characterize the frequency-area relationships in some regions of Canada (e.g. Turcotte and Malamud 2004) ; however, more thorough studies based on a complete fire database are needed. Here, we carried out such a study to characterize frequency-area distribution and calculate fire recurrence intervals by analyzing the statistical properties of wildfires within each ecozone in Canada.
Materials and methods

Data description
Our analysis was based on a wildfire dataset from the Canadian Forest Service, consisting of 152 769 fires over the time period from 1980 to 1999. The database contains two inventories of historical fire occurrence records (Flannigan and Little 2002; Stocks et al. 2002) : (i) the Small and Medium Fire Database (SMFDB, fire burned size A F < 2 km 2 ); (ii) the Large Fire Database (LFDB, fire burned size A F ≥ 2 km 2 ). Both datasets include information on fire location, start date, fire size and cause. They cover both anthropogenic and non-anthropogenic fires in forests, grasslands and in non-urban areas.
The main limitation of the SMFDB is that the data are organized by various provinces, territories and parks, all of which have different methods for estimating and reporting burned area. In this study, we discarded fires whose burned area A F < 0.001 km 2 because they are not complete or not accurate due to rounding or the method of recording. After discarding, in the SMFDB (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) , the percentages of human-caused, lightning and unknown-reason fires are 51, 48 and 1% respectively.
The limitations of the LFDB have been recognized in previous studies, and include: (i) estimates of burned area are the result of aerial mapping or analysis of satellite imagery, and it is thought that more recent fire size estimates tend to be more accurate (Stocks et al. 2002) ; (ii) some fires in remote northern regions occurred between 1959 and the mid-1970s are missing; (iii) fire reports for the 1970s in Saskatchewan have been lost after digitizing, and the only record available is for the polygons of fires >1000 ha (Stocks et al. 2002) . To overcome these limitations and also to have an identical temporal scale with the SMFDB, we only used data from the LFDB for the years 1980 -1999 . In the LFDB (1980 -1999 , the percentages of human-caused, lightning and unknown-reason fires are 18, 80 and 2% respectively.
The combined database of the SMFDB and the LFDB had 128 600 fire-occurrence records (for fire sizes A F ≥ 0.001 km 2 ) (Fig. 1) . In this combined database (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) , the percentages of human-caused, lightning and unknown-reason fires are ∼49.2, 49.3 and 1.5% respectively. We analyzed the fire data for each Canadian ecozone using the classification system developed by the Ecological Stratification Working Group (1996) . The analysis at ecozone level was conducted since each ecozone incorporates distinctive regional ecological factors (e.g. climate and vegetation) to some degree, and is much larger than the area for an individual fire. It transcends provincial boundaries, thus better reflecting the continuity of the landscape (Amiro et al. 2001; Stocks et al. 2002) . Relationships between frequency density and burned area To characterize the relationship between number of fires and burned area for each ecozone, we first defined the frequency density f(A F ) as below, following Malamud et al. (2005) :
where N F is the number of fires in a 'bin' of width A F . Here, a 'bin' is a range of burned areas. For instance, if there are five wildfires ( N F = 5) with burned areas that have occurred in a bin that is from 0.2 to 0.3 km 2 ( A F = 0.1 km 2 ), then the frequency density is f(A F ) = N F / A F = 5/(0.1 km 2 ) = 50 km −2 . In other words, there are 50 fires in an equivalent 'unit' bin of 1 km 2 . Since there are many more small fires than large ones, we increased the bin size logarithmically as the fire size increases. We plotted the frequency density as a function of burned area and found that the power-law is a robust fit f(A F ) = aA
−b
F with burned area A F and constants a and b, as presented in Malamud et al. (2005) Malamud et al. (2005) , we normalized f(A F ) using the vegetated area (areas covered by vegetation excluding urban areas) in each ecozone, and the length t of fire records (here, 20 years). We then obtained the normalized fire frequency densityḟ (A F ) (fire year −1 km −4 ) and plotted it as a function of burned area A F . A robust fit was found in the form:
where α and β are constants. When β = 0, the number of large fires is equal to the number of small fires, per 'unit' bin. Eqn 2 is equivalent to a linear relationship on a log-log space:
Still referring to Malamud et al. (2005) , the cumulative number of wildfires N CF (≥A F ) is:
where A R is a spatial area over which the fires are recorded (in our case, 10 000 km 2 ). The number of fires equal to or larger than a given size, N CF (≥A F ) in that region increases as A R increases. Using the least square method, we determined the s.d. of β and log α. The s.d. for β and log α are given below following Acton (1966) :
where σ 2 x and σ 2 y are variances of x and y and σ 2 xy is the covariance. The subscripts x = log A F , y = logḟ (A F ) and x is the mean value of x. Finally, n is the number of bins for each ecozone. The error bars ±2 s.d. of β and log α are approximately equivalent to upper and lower 95% confidence intervals (±1.96 s.d.).
Calculation of fire recurrence intervals
To calculate fire recurrence intervals based on the obtained power-law relationships between number of fires and burned area following Malamud et al. (2005) , the fire recurrence interval T(≥A F ) in a spatial area A R was calculated:
where t is the length of observation in years. For each ecozone and the whole Canadian boreal ecosystems, we calculated T(≥A F ) when A F = 0.01 km 2 , A F = 2 km 2 and A F = 10 km 2 respectively. Using the upper and lower 95% confidence interval values of β and log α, the 95% confidence intervals for fire recurrence intervals T(≥A F ) were also calculated.
Results
Relationships between frequency density and burned area
Fire frequency-area distributions in each ecozone and the whole of Canada all followed power-law relationships (Fig. 2) . The analysis using an ordinary least-square regression between normalized frequency density and burned area resulted in a range of power-law coefficients, with 1.03 (Taiga Cordillera) ≤ β ≤ 1.68 (Mixedwood Plains), and 10 −6.2 ≤ α ≤ 10 −4.4 . The coefficients of determination (R 2 ) are mostly larger than 0.98 (Table 1) . Two s.d., approximately equivalent to lower and upper 95% confidence intervals (±1.96 s.d.) for both β and log α, are also in Table 1 . We found that although 24.9% fires occurred in Montane Cordillera with a relatively large β (1.65), these fires only covered 0.6% of the total burned area in Canada. A larger β implies that the ratio of number of small to large fires is larger than those of other ecozones. In contrast, Taiga Shield, which has a relative small β (1.17), experiences only 2.7% of the total fire occurrences but covers 20.5% of total burned area in Canada. Spatially, a general north to south gradient of lower to higher values of β exists (Fig. 3 ) (see Discussion). All ecozones with β larger than 1.39 are located south of latitude 50 • N. Our analysis indicated that the errors of β range from 1.4 to 8.2% of β values.
To test if ignition source influences the frequency-area relationships, we separately analyzed anthropogenic and lightning fire data for the period 1980-1999 (Table 2) . We found that when taking into account ignition sources, similar results exist for β and log α compared with that using the combined data (Table 3) . However, β anthropogenic is greater than β lightning in most ecozones and the whole of Canada except Pacific Maritime (1.62 v. 1.63) and Montane Cordillera (1.59 v. 1.71).
To characterize the decadal fire frequency-area relationship for each ecozone, we also analyzed both decades. Each ecozone exhibits frequency-area power-law behavior and most ecozones have similar values of β and log α for both decades (Table 3, only β values were shown). There were no statistically significant differences of β values between these two decades. Similar to the entire 1980-1999 period, both decades had larger β values for anthropogenic fires than those for lightning fires in most ecozones, suggesting that the ratio of the number of small to large anthropogenic fires is larger than that of natural (lightning) fires.
Fire recurrence intervals
There are significant spatial variabilities for the fire recurrence intervals T(≥A F ) between ecozones (Fig. 4) . Errors of T(≥A F ) range between 20 and 60% of the estimated recurrence intervals in most of ecozones (Table 1) . Specifically, in the Mixedwood Plains, when A F = 10 km 2 , the fire recurrence intervals T(≥A F ) are 100 ± 57 years. This means that we would expect, over a spatial area of 10 000 km 2 within that ecozone, fires with burned area A F ≥ 10 km 2 will occur on average every 43-157 years (i.e. 1 : 157 to 1 : 43 probability of having a fire of this size or bigger in any given year). In contrast, for the Boreal Cordillera, when A F = 10 km 2 , the fire recurrence intervals T(≥A F ) are ∼2-4 years. In other words, the probability of occurring of a fire (≥10 km 2 ) in any given year rises to 1 : 4 to 1 : 2 compared with that of Mixedwood Plains.
Excluding the Low Arctic, the western and central parts of Canada generally exhibit a north-to-south gradient of small to large fire recurrence intervals (Fig. 4) . Since the Taiga Shield and Boreal Shield account for a great part of area and both have a relatively small fire recurrence interval, eastern Canada has a higher hazard compared with western and central Canada. However, the two ecozones at the boundary of eastern Canada, Atlantic Maritime and Mixedwood Plains, both exhibit larger recurrence intervals (lower hazard).
Discussion
One requirement for using frequency-area distribution to calculate the recurrence intervals of wildfires is that the occurrences are independently and identically distributed. In other words, the fire events are unclustered in time and wildfires are not changing in time. In our study, we used different lower cutoff bounds for burned areas in each ecozone and then followed Díaz-Delgado et al. (2004) to fit Poisson distribution parameters λ by means of the maximum likelihood estimate (MLE). Here, λ represents the average number of fires per year for each ecozone. A ChiSquare test suggested that for all ecozones, the smaller fires are correlated in time, but not the larger ones. This suggests that the results of the frequency-area statistics could be used to calculate the recurrence intervals of the medium and large fires.
The finding of the increasing trend of β values from north to south suggests that the ratio of number of small to large fires increases from north to south.This north-south gradient is potentially due to any or all of a complex set of factors including climate, latitude, fuel type, topography, provincial fire management policy and efficiency, the presence or absence of water bodies and the density of population. Generally, temperature increases from north (higher latitude) to south (lower latitude) [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] . The β values are obtained based on the best-fit frequency-area distributions (Fig. 2) . The projection is equal area projection. For abbreviations of ecozones, see Table 1 . AC, Arctic Cordillera; HA, High Arctic. Table 2 . Number of fires due to different ignition sources within two decades (fire size ≥ 0.001 km 2 ) in Canada 1980-1999 1980-1989 1990-1999 in the northern hemisphere. This temperature gradient may contribute more to the number of small fires than that of large fires, resulting in the increasing trend of β. Although several studies suggest that the warmer temperature will increase the number of fires and burned area (e.g. Gillett et al. 2004; Flannigan et al. 2005) , the impact of temperature on burned areas with different sizes has not typically been discussed. In addition, it is difficult to judge if temperature is the major factor to control the burned area because other factors (e.g. population density and fuel connectivity) could also greatly control the burned area. Here, we further discuss the meaning of β values. In our result, the values of β can be separated into four groups (Table 4) . Group A (Taiga Cordillera) has the smallest β (1.03) in Canada; i.e. the lowest ratio of number of small to large fires. This is probably due to lower levels of fire protection and generally more severe fire weather and flammable fuel conditions compared with other ecozones.
Ecozone
For ecozones in group B, similar reason as in group A could lead to low β values in the Low Arctic, Taiga Shield, Hudson Plains and the Boreal Cordillera, but the proximity to large water bodies and different climates may contribute to having smaller fires compared with Taiga Cordillera, increasing the values of β. Two opposite effects resulted in relatively small β values, but larger than that of group A. In the grassland-dominated Prairies, high-speed wind and warmer climate could result in large burned areas, and thus lowering the value of β.
For group C, the explanation is more complex. The Boreal Plains (1.44) and Boreal Shield (1.39) experienced 57.1% of the total fire occurrences of the whole of Canada and these accounted for 48.8% of total burned area. These ecozones cover large remote areas that do not generally warrant aggressive fire suppression and the majority of fires are allowed to burn naturally (Stocks et al. 2002) . Furthermore, they had more continental climate and thus generally more extreme fire danger conditions. However, they also experienced higher small-fire activities, probably due to the greater population densities in four provinces (Alberta, Saskatchewan, Manitoba and Ontario), which increase the forest fragmentation and enhance the fire detection and suppression. The combination of these opposite mechanisms leads to relatively large β values compared with those in groups A and B. For the Atlantic Maritime ecozone, intensive fire protection and the presence ofAtlantic Ocean could be the potential reason leading to a high ratio of small to large number of fires. In the Taiga Plains, fires due to low population density and lightning may contribute to large fire activities. However, the existence of the Great Slave Lake, the Great Bear Lake, the Mackenzie River and its many tributaries increase the forest fragmentation. Permafrost degradation leads to many areas being waterlogged and remnants of glacier activity make the landscape more varied. These conditions, together with rough terrain especially in the western part of this ecozone, could impede the fire spread and lead to a large β value.
The largest β values of group D may be due to intensive fire protection, landscape fragmentation and proximity to large water bodies, leading to a lack of large fires.
Overall, we found that β anthropogenic is generally greater than β lightning in most ecozones. This suggests that within most ecozones, lightning contributes more to a lower ratio of number of small to large fires than human ignition does. This is probably . To obtain this map, the parameters α and β are first obtained based on the best-fit frequency-area distributions (Fig. 2) . These parameters are then used in Eqn 7 to calculate recurrence intervals T (≥10 km 2 ); i.e. the average amount of time between fires of a given size (in this case 10 km 2 ) or larger, that occur in a spatial area A R (10 000 km 2 ) within the ecozone. From dark red to solar yellow, the color legend represents 'high' hazard (small recurrence intervals) to 'low' hazard (large recurrence intervals). The projection is equal area projection. because lightning-ignited fires are more difficult to detect since they occur more often in remote areas and are less likely to be suppressed resulting in relatively large burned areas. In contrast, human-caused fires generally occur near human settlements and therefore are suppressed before leading to large burned areas.
Therefore, anthropogenic fires have a higher ratio of number of small to large fires than natural (lightning) fires. However, the Pacific Maritime had a β value of 1.62 for anthropogenic fires and 1.63 for natural fires, while Montane Cordillera had a β value of 1.59 for anthropogenic fires and 1.71 for natural fires.
For Pacific Maritime, a possible reason could be that greater population densities may lead to an equal probability of fire suppression irrespective of ignition sources, thus similar values of β. A larger β value for lightning fires in the Montane Cordillera may be explained by the complex topography which keeps natural fires smaller in size.
Conclusions
In this analysis, we used a wildfire database (fire size A F ≥ 0.001 km 2 ) for the period 1980-1999 compiled by the Canadian Forest Service to characterize the relationships between number of fires and burned area and further calculated the fire recurrence intervals for 13 ecozones in Canada. We found that although wildfires are affected by climate, topography, fuel load and population density, the number of wildfires and burned area in each ecozone and the nation all follow power-law frequency-area relationships with different orders of magnitude. Similar results were found for analyses on anthropogenic and natural fires, and for the 1980s and 1990s. These power-law relationships were further used to calculate the fire recurrence intervals for each ecozone. We believe that the relationships between frequency density and burned area and the fire recurrence interval information obtained from this study will be useful for fire management in this region. The statistical algorithms for calculating fire recurrence intervals will be helpful for fire mangers to quantify the wildfire risk in this region. In addition, the characterization of the past wildfire regimes and projection of fire recurrence intervals are important to study future carbon dynamics of Canadian terrestrial ecosystems.
